We report time-resolved characterization of superconducting NbN hot-electron photodetectors using an electro-optic sampling method. Our samples were patterned into micron-size microbridges from 3.5-nm-thick NbN films deposited on sapphire substrates. The devices were illuminated with 100 fs optical pulses, and the photoresponse was measured in the ambient temperature range between 2.15 and 10.6 K ͑superconducting temperature transition T C ). The experimental data agreed very well with the nonequilibrium hot-electron, two-temperature model. The quasiparticle thermalization time was ambient temperature independent and was measured to be 6.5 ps. The inelastic electronphonon scattering time e-ph tended to decrease with the temperature increase, although its change remained within the experimental error, while the phonon escape time es decreased almost by a factor of two when the sample was put in direct contact with superfluid helium. Specifically, e-ph and es , fitted by the two-temperature model, were equal to 11.6 and 21 ps at 2.15 K, and 10 (Ϯ2) and 38 ps at 10.5 K, respectively. The obtained value of e-ph shows that the maximum intermediate frequency bandwidth of NbN hot-electron phonon-cooled mixers operating at T C can reach 16(ϩ4/Ϫ3) GHz if one eliminates the bolometric phonon-heating effect. © 2000 American Institute of Physics. ͓S0003-6951͑00͒02419-0͔
The development of advanced, high-performance telecommunication systems, based on signal processing performed by superconducting single-flux-quantum ͑SFQ͒ digital circuits operational at 3ϫ10 10 bit/s speeds, 1 requires ultrafast and ultrasensitive detectors for fiber optics, which must be able to work at cryogenic temperatures and be compatible with the SFQ technology. Superconducting NbN hotelectron photodetectors ͑HEPs͒ should prove useful as the digital input optical-to-electrical transducers. They should also find applications in the infrared ͑IR͒ wavelength range, as deep space, satellite and fiber-optic detectors, and singlephoton counters. We have demonstrated recently that NbN HEP responsivity can be as high as 220 A/W (4 ϫ10 4 V/W), significantly above any semiconductor optical detectors. 2 The superconducting HEPs reach far better responsivity because their operation is based on a nonequilibrium electron-heating mechanism in the resistive state near the superconducting transition T C . 3 A single absorbed photon creates during the electron thermalization process a very large number of low-energy secondary quasiparticles ͑broken Cooper pairs͒ through electron-electron and electronphonon interactions, providing an efficient internal gain mechanism. The resulting quantum gain of HEPs reaches values well over 300 for near-IR photons. 2 The aim of this work is to study the photoexcited electron energy relaxation dynamics and the response time of NbN HEPs, using a time-resolved cryogenic electro-optic ͑EO͒ sampling technique. 4, 5 The EO sampling is a subpicosecond imaging technique that uses femtosecond optical pulses and requires no electrical output to be transmitted out of the cryostat; thus, the measurement limit is moved into the ps/THz time/frequency range, and the intrinsic response of HEP, or equivalently the intermediate frequency ͑IF͒ bandwidth of hot-electron mixer ͑HEM͒, can be accurately measured. For experimental convenience, our excitation pulses have the ultraviolet ͑UV͒ wavelength, but since the hotelectron effect is a free-carrier-absorption phenomenon, it is insensitive to the input photon energy. Thus, our timeresolved measurements are representative for the entire UVto-IR wavelength range of NbN devices.
To measure the response time of a NbN HEP by the EO sampling method, an ultrathin microbridge was integrated into a coplanar waveguide ͑CPW͒ transmission line. We tested two different test structures: One consisted of a single, 5-m-wide, 10-m-long microbridge, placed in the CPW center line; the second represented an array of 25 parallel, 2-m-wide strips, separated by 2 m gaps, located between the central line and the grounds. The CPW structure was 4-5 mm long with a 30-m-wide center and 5-m-wide gaps to the ground planes. For device fabrication, we used highquality, 3.5-nm-thick NbN films, grown on sapphire substrates, using reactive magnetron sputtering. 6 The T C of pat- terned bridges was 10.6 K with ϳ1.0 K transition width, and a critical current density J C at 4.2 K was 10 6 A/cm 2 . The CPW was covered with Ti/Au to improve its high-frequency characteristics. Unfortunately, the segments of CPW on each side of the detector were too short to avoid end-line reflections inside our time-measurement window. It also proved to be very difficult to terminate our CPW for the photogenerated electrical pulses. The vanadium terminations were integrated at both CPW ends of the 25 bridge structures, but due to an apparent fabrication error, their values did not match the 50 ⍀ CPW impedance and the terminations caused significant reflections.
Our experiments were performed inside an optical, exchange-gas, liquid-helium dewar in the temperature range between 2.1 and 11 K. Our samples were biased in the resistive state, where the nonlinearity of the current-voltage characteristics was the largest, corresponding to the highest HEP sensitivity. 2 The procedure was similar to that developed for the photoresponse measurements of Y-Ba-Cu-O microbridges. 4 As in Ref. 4 , time-resolved characterization was performed using our cryogenic EO sampling setup, characterized by Ͻ200 fs time resolution and Ͻ150 V voltage sensitivity. 5 The excitation pulses, which triggered electrical photoresponse transients, were ϳ100 fs wide ͑wavelength 395 nm͒ at 76 MHz repetition rate. Typically, the average optical power absorbed by the detector element was only ϳ3.5 W, which was equivalent to approximately 10 16 3 eV photons per square centimeter and resulted in below 0.1 K permanent heating of the device area ͑much less than the width of the bridge superconducting transition͒.
Our experimental results were compared to simulations based on the electron-heating two-temperature ͑2T͒ model. 3, 7 We considered a superconducting film carrying a constant current that drives the sample into the resistive state at the temperature T b , very close to T C . Under this condition, the superconducting fraction of electrons ͑or, equivalently, the superconducting energy gap͒ is very small and most of the incident photons are absorbed by quasiparticles. Thus, the inelastic scattering of quasiparticles, as well as their recombination into Cooper pairs, can be described by a single time constant, namely, the electron-phonon interaction time. 3 Effective electron and phonon temperatures T e and T ph are assumed to be established during the electron thermalization time T and their time-dependent values can be obtained as a solution of heat-balance equations
where C e and C ph are the electron and phonon specific heats, ␣ is the radiation absorption coefficient, P in (t) is the effective external perturbation, assumed to be a Gaussian-shape input optical power, broadened by the electron thermalization process, and V is the volume of the bridge. Equation ͑1͒ also contains the characteristic times e -ph and ph-e ϭ e -ph (C ph /C e ) for electron-phonon and phonon-electron scattering, respectively, and es for phonon escape to the substrate. To simulate the time evolution of the device voltage photoresponse, we invoked the methods described in detail in Ref. 3 . The P in (t) width was adjusted until a least-square fit to the rising edge of the transient ͑see, e.g., inset in Fig. 1͒ was achieved, rendering T ϭ6.5 ps. Similarly, a least-square procedure was applied to fit e -ph and es to the falling edge of our experimental voltage transients. We note that the 2T model is more suitable for our near-T C , resistive-state measurements, rather than, e.g., the Rothwarf-Taylor model, 8 commonly used in the superconducting state to study the kinetic inductive effects ͑see Ref. 9͒. The transient photoresponse signal of a singlemicrobridge structure, measured at superfluid helium at T ϭ2.15 K, is shown as dots in Fig. 1 . The HEP was biased in the resistive ͑voltage͒ state above its critical current I C , which resulted in bridge heating to T b at the superconducting transition region. The presented waveform consists of the actual pulse, at least three end-line reflections, and ''reflections of reflections'' observed after the main multipeaked signal. To observe the entire waveform and reduce the noise, the time baseline in Fig. 1 was opened up to above 500 ps and the time resolution was lowered to 25 ps. The inset in Fig. 1 presents the actual, time-resolved rising part of the signal. The 6.5 ps risetime should be regarded as the intrinsic value T for the NbN material. The thin solid line in Fig. 1 represents the full simulated response and consists of the superposition of an actual photoresponse pulse based on the 2T model ͑dotted-dashed line͒ and, delayed by 37 ps, reflections ͑the first reflection is labeled as a dotted line͒. The reflections are due to the coaxial cable connections at the ends of the CPW. They have the same sign as the original response and add up to the main signal. Their amplitudes are progressively reduced, but the dispersion effects were neglected in our simulations. Taking into account the arrival time of each reflected pulse, we calculated the propagation velocity of our CPW of ϳ108 m/ps, which agrees well with the CPW quasistatic propagation model. 5 The NbN characteristic time constants extracted from the data shown in Fig.  1 , and corrected for the 25 ps waveform time resolution are e -ph ϭ11.6 ps and es ϭ21 ps. Operation in the superfluid helium was preferred since it allowed us to use large biasing currents, resulting in improved signal-to-noise ratios. Using the multibridge structure, we managed, however, to time resolve the response of a sample at Tϭ10.5 K ͑right at the superconducting-resistive transition͒. The signal is shown in Fig. 2. It ͑solid line͒ con-FIG. 1 . Experimental ͑dots͒ and simulated ͑solid, dotted, and dotted-dashed lines͒ responses of a 3.5-nm-thick NbN HEP to a 100 fs excitation pulse. The main plot time resolution is 25 ps; the time-resolved rising part of the signal is shown in inset. Ambient temperature was 2.15 K.
tains a large amount of noise, but it was acquired at the very low bias current 175 A and we limited the averaging in order to maintain single-picosecond time resolution. The dashed line in Fig. 2 shows the result of the 2T model calculations that took into account the end-line reflections, while the dotted-dashed line simulates the actual photoresponse of our detector. The multiple reflections are present every 45 ps, which corresponds to the propagation time of reflections arising from the vanadium shorts. As in Fig. 1 , we observe an excellent agreement between the 2T model and our experimental waveform. The characteristic time constants extracted from the simulations are this time e -ph ϭ10(Ϯ2) ps and es ϭ38 ps. We note that e -ph tends to decrease as the ambient temperature increases, however, the large noise level of the transient shown in Fig. 2 prevents us from making a conclusive statement. At the same time, es is almost twice as large as that extracted from Fig. 1 . The latter behavior is expected, if one remembers that in the measurement presented in Fig. 1 , the top surface of the film was directly exposed to superfluid helium, so phonons could escape in almost equal rates to the substrate and helium, reducing the value of es .
For the ideal, most direct in energy and fastest in time, hot electron relaxation back to the equilibrium state, the process should be dominated by the inelastic electron scattering with phonons. Thus, we should have e -ph Ӷ ph-e and es Ӷ ph-e , leading to the HEP intrinsic voltage response following the exponential law with the single characteristic time constant e -ph . For the real NbN film close to the superconducting transition, C e ϭ1.7ϫ10 Ϫ3 J cm Ϫ3 K Ϫ1 , and
, which leads to ph-e ϭ6.5 e -ph . In addition, from our experiments we have e -ph Ϸ10 ps and es ϭ38 ps, which results in ph-e ϭ1.7 es . Consequently, as is presented in Fig. 3 , the energy flow from electrons to phonons dominates over the reabsorption of nonequilibrium phonons by electrons; however, the energy backflow cannot be neglected. Compared to the ideal device, the response for a real HEP is determined by the ''average'' decay time, which is given by the time that elapses from the peak of response until the magnitude decreases down to 1/e from its maximum value. Using this criterion, we obtained for our device at 10.5 K, the 30 ps relaxation time ͑see Fig. 2͒ , which corresponds to the HEM IF bandwidth of 5.3 GHz. The intrinsic gain bandwidth for the phonon-cooled HEM is limited by e -ph ; thus, for our 3.5-nm-thick NbN device, it reaches 16(ϩ4/Ϫ3) GHz. We have demonstrated the picosecond photoresponse of dc-biased NbN HEPs, integrated into CPW microwave structures and excited by 100 fs optical pulses. By comparing our measured data to the nonequilibrium electron heating model, we extracted NbN energy-relaxation time constants and constructed the accurate diagram of the electron energy relaxation flow ͑Fig. 3͒. Our results have shown that NbN hotelectron devices have a real potential as picosecond transducers for low-T C superconducting digital circuits, as well as fast optical receivers. The picosecond time-domain optical excitation and EO sampling detection methods are not only applicable for the ultrafast characterization of photodetectors, but also give detailed information about the gain bandwidth of photomixers. 
